Introduction
Legg-Calvé-Perthes disease (LCP) is a syndrome in which an avascular event affects the capital physis (head) of the femur. It is more common in boys, and the onset of the disease usually occurs between five and eight years of age. The aetiology of LCP remains unclear. Factors identified as related to the aetiology of LCP include coagulation abnormalities, venous outflow obstruction, abnormal arterial status, trauma in the "predisposed child", synovitis of the hip and hereditary influences [1] .
Patients with LCP often present with a limp, which is exacerbated by physical activity and alleviated with rest. The limping has been previously described as antalgic [2] , a Trendelenburg or Duchenne gait. The Trendelenburg gait is characterised by a pelvic drop on the unloaded side during single support stance while Duchenne gait is described as a trunk lean toward the stance limb with pelvis level or elevated on the unloaded side [3] .
During the single support phase of the normal gait cycle the pelvis tends to drop towards the swinging limb. This mechanism is normally counteracted by the activity of the hip abductor muscles. The abductor muscles' moment has been identified as the predominant factor for hip joint loading or unloading [4, 5] and its direction is important to estimate contact pressures of the involved hip joint. Furthermore, if the hip has a poor lateral coverage, which is often the case in children with LCP, the peak contact pressure increases [6] . Therefore, the preservation of the containment of the femoral head has been recommended as a principle of treatment in LCP disease to allow physiological distribution of the forces [7] . During the examination of patients with LCP in the gait laboratory we observed that some were able to change their walking pattern to unload the affected hip joint and walk with increased abduction in the single stance phase. While these patients decreased their hip abductor moment, others increased the load on their hips.
The aim of this study was to evaluate gait patterns in patients with LCP based on the extent of the hip loading, predominantly in the frontal plane and to identify gait modifications decreasing the load on the affected hip in children with LCP.
Methods

Subjects
Fifty-two children with LCP disease were identified using a database obtained from our gait laboratory. The inclusion criteria were diagnosis of LCP confirmed by X-ray and complete data sets of kinematic and kinetic data. The exclusion criteria were previous surgery of the affected hip, bilateral LCP disease, and other orthopaedic or neurological disorders affecting gait. Based on these criteria, the data sets of 40 patients were evaluated in this study. Data sets of ten normally developing children with a mean age of eight years three months (SD, one year six months) served as a control.
The group of children with LCP was divided into three subgroups. Subgroups were formed according to the extent of the time base integral of the hip abductor moments during the single stance on the affected side in the frontal plane. The cut-off limit classifying subgroups was the mean time base integral of the hip abductor moments in single stance of the control group ± standard deviation (SD). The means of the hip abductor moments for the three subgroups are shown in Fig. 1 . Eight children were identified as overloading their hip joints (OverLoad group), 19 showed abductor moments within the normal range of the control group (NormLoad group), and 13 children unloaded their hips when compared to the control group (UnLoad group). Details on group demographics, X-ray classifications (Herring et al. [8] and Catterall [9] ) and the Perthes stadium according to Waldenström are presented in Table 1 .
Gait analysis
All patients walked at a self-selected speed along a tenmetre walkway. Gait analysis was performed using a tencamera video-based motion capturing system (VICON MX; Oxford Metrics, Oxford, UK) and four floor mounted force plates (AMTI). Marker arrangement, calculation methods and model assumptions applied have been described in detail by Kadaba et al. [10] . Calculations of kinematic and kinetic parameters were performed using the Vicon Clinical Manager (VICON, Oxford Metrics, Oxford, UK). Moment and power parameters were normalised to the weight of the patients. For each patient a minimum of five trials providing a clear foot force plate contact were captured and averaged. The Gillette Gait Index [11] was calculated to evaluate overall gait pathology. This index has been proposed as a summary measure of gait pathology taking into account 16 independent kinematic and temporal variables ( Table 2 ).
Higher GGI values indicate greater deviation from the gait of typically developing individuals. GGI represents a reliable measure of overall gait pathology [12] .
Statistical analysis
Time-distance parameters, pelvic and hip kinematics and kinetic data were compared with the values obtained from Fig. 1 Means of the hip abductor moments for all three subgroups. Subgroups were identified based on the extent of the time base integral of the hip abductor moments during the single stance in the frontal plane on the affected side. The split-off limit classifying subgroups was the mean time base integral of the hip abductor moments in single stance of the control group ± standard deviation (SD) the control group using one-way ANOVA with the Fisher post-hoc test. P-values of less than 0.05 were considered as statistically significant. The Spearman rank correlation coefficient was used to express the relationship between outcome parameters.
Results
The Gillette gait index revealed substantial differences between the control and LCP groups. However, no difference was noted among the LCP groups ( Table 3) . The dynamic range of motion of the hip and pelvis during gait was decreased in LCP groups. The clinical findings did not show any statistical difference among the LCP groups in the passive range of hip motion. Even though the children who overloaded their hips tended to have the lowest range of passive abduction we did not prove any statistical difference among the LCP groups.
For the OverLoad group, walking velocity was slower than the velocity of the controls and the other two LCP groups. Stride length was shorter, but in contrast to the other two LCP groups, stance time was only slightly prolonged. Hip extension at the end of the stance was not different from normal (Fig. 2) . Even though the mean hip adduction during single support was not different from the control group, its timing was abnormal and the hip remained longer in adduction during the stance phase of gait (Table 3 ). There was no rotational pathology of the hip in the OverLoad group. Pelvis motion was within normal limits in the sagittal and transversal planes. In the frontal plane the pelvis dropped to the swinging limb and was not compensated for by the abductor muscles as observed in a normal gait.
The NormLoad group showed normal time-distance parameters except for the prolonged stance duration. The hip did not reach normal extension at the end of stance but was close to neutral in the frontal and transversal planes during single support (Fig. 2) . The pelvis revealed abnormal motion only in the frontal plane where a pelvis elevation on the swinging side was observed. The UnLoad group walked with a slight hip abduction during single support. Similar to the NormLoad group, the UnLoad group did not reach the normal hip extension during walking. In contrast to all other groups, the hip was externally rotated during single limb support and an internal rotation of the pelvis was documented (Fig. 2) . The elevation of the pelvis on the swinging-limb side was even more pronounced than in the NormLoad group.
The time base integral of the hip abductor moments during single stance, as a measure of hip loading, correlated positively with the hip abduction angle (R=0.66, p<0.001) and with the age of the children (R=0.624, p<0.001). Another positive correlation was found between the time base integral of the hip abductor moments in single stance and the X-ray classifications of Herring (R=0.353, p= 0.027) and Catterall (R=0.393, p=0.013). The Gillette gait index did not correlate with any of the X-ray findings.
Discussion
Presenting in the first decade of life, Legg-Calvé-Perthes disease is an important issue for paediatric orthopaedic surgeons; a plethora of literature on the classification and prognosis of the disease exist [13] . However, gait patterns observable in children with LCP have rarely been investigated. Loading of the hip joint is a major consideration in the treatment of LCP disease. Hip joint loading depends on the extent of hip abductor moments occurring during the single support stance phase of the gait cycle. This study reports on the kinematic patterns of three groups of children with LCP disease. Groups were formed based on the degree of hip joint loading during the single support phase of the gait.
The Gillette gait index was used to assess the overall gait pathology of children with LCP in our study. Even though it was able to show significant differences between the control and LCP groups the index was not sensitive enough to detect gait deviations due to a single-level joint disorder. An important limitation of our study is its retrospective design. As the clinical benefit of the proposed gait modifications for children with LCP has to be proven in a future prospective project, the study should be considered as a pilot study showing interesting features of LCP gait with a potential clinical significance.
In this study, children who were able to unload the hip joint spontaneously adopted a gait pattern with pelvis elevation on the swinging side, hip abduction and external rotation during the single support phase. The elevation of the pelvis on the swinging limb side has been previously described in the literature to be associated with a lean of the trunk towards the stance limb [3] . This mechanism has been identified as an important compensatory mechanism in patients with hip abductor weakness. In our study, the lean Fig. 2 Pelvis and hip kinematics reveal differences between the subgroups of the trunk was confirmed by video analysis of gait in the frontal plane. Due to the elevation of the pelvis the acetabulum is shifted over the femoral head and thereby the weight-bearing area of the hip increases [14] . Hip abduction in the single support phase is another unloading mechanism, which has not been described in children with LCP thus far. This hip abduction shifts the ground reaction vector closer to the hip joint centre and therefore decreases the internal abductor moment of the hip. The importance of this unloading mechanism is demonstrated by a negative correlation of the hip abduction during single stance with the internal hip abductor moment. Moreover, a biomechanical study of contact stress in hips with osteonecrosis of the femoral head proved that if the necrotic segment is moved medially, which is the case during the abduction, the peak contact stress in the hip joint decreases and the contact stress distribution is more favourable [6] .
An external rotation gait, as it was shown in the hip unloading group, has been described to be a compensatory mechanism in children with LCP to avoid femoroacetabular impingement [15] .
The patients in this study who loaded their hips normally also showed a pelvis elevation on the swinging side as a sign of abductor weakness. Even if they did not abduct the stance limb, as did the children who unloaded their hips, we may interpret the neutral position of the hip in the frontal plane as a compensation for the weak abductors when compared to the controls.
Walking patterns of children over-loading their hips during gait are different. Similar to the normal gait their pelvis drops to the swinging limb at the beginning of stance, but weak abductor muscles do not allow the child to elevate the pelvis to normal levels during swing. This Trendelenburg sign is accompanied by prolonged hip adduction during stance. Not only does this walking pattern lead to an overloading of the affected hip, but the weightbearing area of the hip joint is also decreased. Therefore we believe that such a walking pattern should be strongly discouraged in children with LCP.
The study revealed a positive correlation between X-ray classifications of Herring and Catterall and the loading of the hip joint during single stance. As previously reported, other authors have failed to demonstrate an association between radiological classifications and joint function [16] . This finding makes the functional classification based on the loading of the hip joint even stronger. Other correlations were found between the hip abduction angle in single stance, the age of the patients and the loading of the affected hip joint. These correlations indicate that older children tend to overload their hips, prefer to walk in hip adduction during single stance, and have hips that are more impaired. An explanation for this walking pattern could be an adductor muscle contracture, which is often present in children with LCP. However, even if the children who overloaded their hips had the lowest range of passive abduction we did not prove any statistical difference among the LCP groups. Therefore, it can also be speculated that these children might have run out of compensation alternatives.
The study presents different patterns of walking observable in children with Legg-Calvé-Perthes disease. Walking patterns were grouped according to the extent of hip loading. Hip abduction and a lean of the trunk to the stance limb are emphasised as important compensatory mechanisms to reduce hip joint loading during walking. As this pattern of walking has successfully been used to unload the hip and to relieve pain in adults suffering from hip problems [14] , gait training might become an integral part of conservative treatment in children with Legg-Calvé-Perthes disease.
